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daughter cells carrying a chromosome complement iden-
tical to that of the progenitor cell. Mitotic chromosome 
segregation requires that sister chromatids attach, via 
their kinetochores, to microtubules emanating from op-
posite poles of the spindle (bi-orientation). Cohesion be-
tween sister chromatids facilitates the bi-orientation pro-
cess by counteracting the pulling forces of spindle micro-
tubules, thereby generating tension across kinetochores, 
which stabilises kinetochore-microtubule attachment. 
Once sister chromatids are attached and under tension, 
chromosome segregation is triggered by the complete loss 
of sister chromatid cohesion [Nasmyth, 2001].
    Meiosis is a specialised cell division programme, es-
sential for sexual reproduction, in which 4 daughter cells 
with a complete haploid genome are produced from a dip-
loid precursor cell. This reduction in chromosome num-
ber is achieved by 2 successive chromosome segregation 
events (meiosis I and meiosis II), which follow a single 
round of DNA replication (  fig. 1  ). Homologous chromo-
somes are segregated away from each other in meiosis I, 
whilst sister chromatid segregation does not occur until 
meiosis II. There are 3 crucial events that must take place 
during meiosis I to ensure the accuracy of this reduction-
al chromosome segregation pattern. First, linkages must 
be established between maternally and paternally derived 
homologous chromosomes to ensure their attachment to 
opposite poles of the meiosis I spindle. Most commonly, 
meiotic recombination provides these linkages by gener-
ating at least one chiasma, in which a sister chromatid 
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 Abstract 
  During meiosis, DNA replication is followed by 2 successive 
chromosome segregation events, resulting in the produc-
tion of gametes with a haploid number of chromosomes 
from a diploid precursor cell. Faithful chromosome segrega-
tion in meiosis requires that sister chromatid cohesion is lost 
from chromosome arms during meiosis I, but retained at 
centromeric regions until meiosis II. Recent studies have be-
gun to uncover the mechanisms underlying this stepwise 
loss of cohesion in meiosis and the role of a conserved pro-
tein, shugoshin, in regulating this process. 
  Copyright © 2011 S. Karger AG, Basel 
  The precise distribution of chromosomes during cell 
division is essential for the growth and proliferation of all 
living organisms. Defects in chromosome segregation 
will inevitably lead to the production of cells containing 
abnormal numbers of chromosomes, known as aneuploi-
dy, which likely contributes to cancer progression and is 
a cause of infertility and birth defects [Rajagopalan and 
Lengauer, 2004; Hassold et al., 2007]. During mitosis, 
replicated chromosomes (sister chromatids) are segregat-
ed away from each other, resulting in the production of 
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from one homologue is covalently linked to a sister chro-
matid from the other homologue [for a review of inter-
homologue interactions, see Gerton and Hawley, 2005]. 
Second, the sister kinetochores of each homologue must 
attach to microtubules emanating from the same spindle 
pole (mono-orientation). In this way, tension is generated 
when homologous pairs linked by chiasmata are attached 
to opposite poles of the meiosis I spindle. Finally, sister 
chromatid cohesion must be lost in a stepwise manner. 
The removal of chromosome arm cohesion triggers ho-
mologous chromosome segregation and resolution of 
chiasmata in anaphase I. However, sister chromatid cohe-
sion must be retained in the region surrounding the cen-
tromere (known as the pericentromere), since pericentro-
meric cohesion plays a critical role in ensuring the bi-
orientation of sister chromatids on the meiosis II spindle. 
Loss of this pericentromeric cohesion during anaphase II 
triggers the segregation of sister chromatids to opposite 
poles [Marston and Amon, 2004]. In this review, we will 
discuss the mechanisms that govern the stepwise loss of 
cohesion during meiosis, focussing on the role of the shu-
goshin proteins.
    Shugoshin Protects Centromere Cohesion during 
Meiosis I 
  Sister chromatid cohesion is mediated by the multi-
protein cohesin complex, which forms a ring-shaped 
structure that encompasses sister chromatids. The core of 
the mitotic cohesin complex consists of 4 subunits: Smc1, 
Smc3, Scc1/Rad21 and Scc3. Mitotic sister chromatid co-
hesion is destroyed in anaphase owing to the activation of 
separase (Esp1 in budding yeast; Cut1 in fission yeast), a 
cysteine protease that cleaves Scc1/Rad21 leading to the 
opening of the cohesin ring [Nasmyth and Haering, 2009]. 
During meiosis, however, the Scc1/Rad21 cohesin subunit 
is largely replaced by a meiosis-specific Rec8 subunit 
[Klein et al., 1999; Parisi et al., 1999; Watanabe and Nurse, 
1999; Pasierbek et al., 2001; Eijpe et al., 2003]. Nonetheless, 
both the segregation of homologous chromosomes in ana-
phase I and the segregation of sister chromatids in ana-
phase II also require cleavage of Rec8 by separase [Buon-
omo et al., 2000; Kitajima et al., 2003; Kudo et al., 2006], 
suggesting that Rec8 is specifically protected from sepa-
rase activity at the pericentromere during meiosis I.
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  Fig. 1.   The stepwise loss of cohesion in meiosis is regulated by 
shugoshin. During meiosis, sister chromatids are held together by 
cohesin complexes containing the meiosis-specific Rec8 subunit. 
In meiosis I, homologous chromosomes are linked by chiasmata 
and sister kinetochores attach to microtubules emanating from 
the same spindle pole. Separase cleaves the Rec8 on chromosome 
arms; however, Rec8 at centromeres is protected due to the pres-
ence of shugoshin. In meiosis II, the residual centromeric cohe-
sion facilitates the attachment of sister kinetochores to micro-
tubules emanating from opposite poles of the spindle. Tension 
across sister kinetochores may inactivate shugoshin, and sister 
chromatid separation is triggered by cleavage of the remaining 
Rec8 by separase.  Clift/Marston  Cytogenet Genome Res 2011;133:234–242 236
    An ingenious genetic screen in fission yeast led to the 
identification of a conserved protein responsible for Rec8 
protection [Kitajima et al., 2004]. Fission yeast cells engi-
neered to produce Rec8 instead of Scc1/Rad21 during mi-
totic growth are viable, indicating that factors other than 
Rec8 itself are responsible for the protection of pericen-
tromeric Rec8 [Watanabe and Nurse, 1999]. Kitajima et 
al. [2004] screened for genes that when co-overexpressed 
with Rec8 in mitotic cells allowed cohesin to persist on 
chromosomes, resulting in a failure to separate sister 
chromatids and lethality. They isolated one such gene and 
named the product of this gene shugoshin (Sgo1), which 
means ‘guardian spirit’ in Japanese [Kitajima et al., 2004]. 
Independent screens for deletion mutants that exhibit an 
abnormal chromosome segregation pattern during meio-
sis also identified the  sgo1/SGO1  gene in fission yeast and 
budding yeast [Marston et al., 2004; Rabitsch et al., 2004]. 
Both yeasts depleted of Sgo1 cannot retain pericentro-
meric Rec8 during meiosis I, resulting in random chro-
mosome segregation at meiosis II [Katis et al., 2004; Kita-
jima et al., 2004; Marston et al., 2004; Rabitsch et al., 
2004]. Based on sequence homology restricted to a coiled-
coil region at the N-terminus and a cluster of basic resi-
dues at the C-terminus, shugoshin homologues have been 
identified in most eukaryotes from yeast to humans [Kit-
ajima et al., 2004; Rabitsch et al., 2004]. Such homology 
searches identified the   Drosophila   MEI-S332 protein, 
which had previously been shown to be required for the 
persistence of centromeric cohesion during meiosis I 
[Kerrebrock et al., 1992, 1995], indicating that shugoshin/
MEI-S332 function in the protection of centromeric co-
hesion is conserved. I t should be noted that although 
budding yeast and  Drosophila  contain a single shugoshin 
protein (Sgo1/MEI-S332) responsible for the protection of 
meiotic centromere cohesion [Kerrebrock et al., 1995; 
Kitajima et al., 2004], most other organisms including fis-
sion yeast, plants and mammals contain 2 shugoshin-like 
proteins (Sgo1 and Sgo2). In fission yeast and plants Sgo1 
is predominantly responsible for the protection of centro-
meric cohesion during meiosis [Kitajima et al., 2004; Ha-
mant et al., 2005], whereas Sgo2 carries out this function 
in mammals [Lee et al., 2008; Llano et al., 2008]. A fur-
ther conserved feature of shugoshin/MEI-S332 proteins 
is their localisation at pericentromeres during meiosis I, 
consistent with their role in protecting cohesion in this 
region [Kerrebrock et al., 1995; Katis et al., 2004; Kitajima 
et al., 2004; Marston et al., 2004; Rabitsch et al., 2004; 
Hamant et al., 2005; Kiburz et al., 2005; Gomez et al., 
2007; Lee et al., 2008].
  S h u g o s h i n - PP2 A - B    Prevents Cohesin 
Phosphorylation 
 How does shugoshin prevent Rec8 cleavage at the cen-
tromere during meiosis I? An important insight came 
from the finding that protein phosphatase 2A (PP2A) is 
a major binding partner of budding and fission yeast mei-
otic Sgo1 [Kitajima et al., 2006; Riedel et al., 2006]. PP2A 
is a serine/threonine phosphatase that is composed of a 
heterotrimeric complex of scaffold, regulatory and cata-
lytic subunits. Although several sub-families of PP2A 
regulatory subunits exist (B, B  , B     or B      ) [Janssens and 
Goris, 2001; Lechward et al., 2001], meiotic Sgo1 co-puri-
fies only with the subset of PP2A that contain B     regula-
tory subunits [Kitajima et al., 2006; Riedel et al., 2006]. 
PP2A complexes are found in many places in the cell; 
however, PP2A-B   preferentially co-localises with Sgo1 at 
meiotic centromeres [Kitajima et al., 2006; Riedel et al., 
2006]. Sgo1 is required for the centromeric localisation of 
PP2A-B     in meiosis and, similar to   sgo1   mutants, inacti-
vation of PP2A-B     (by deletion of the catalytic subunit or 
the B     s u b u n i t )  c a u s e s  p r e m a t u r e  l o s s  o f  c e n t r o m e r i c  
Rec8 [Kitajima et al., 2006; Riedel et al., 2006]. Similarly 
in mouse oocytes, the localisation of the PP2A catalytic 
subunit to centromeres depends on Sgo2 [Lee et al., 2008] 
and the treatment of oocytes with okadaic acid (a phos-
phatase inhibitor) induces premature separation of sister 
chromatids during meiosis I [Mailhes et al., 2003], sug-
gesting that the protection of centromeric Rec8 by shu-
goshin and PP2A might be a highly conserved mecha-
nism. The artificial tethering of PP2A-B     to fission yeast 
chromosomes is sufficient to protect Rec8 from separase 
even in the absence of Sgo1 [Kitajima et al., 2006; Riedel 
et al., 2006], therefore the main role of shugoshin in Rec8 
protection at meiotic centromeres appears to be to recruit 
PP2A-B    to that region. This idea is supported by a recent 
structural study of the human Sgo1-PP2A interaction, 
which revealed that a shugoshin coiled-coil homodimer 
directly interacts with both the catalytic subunit and the 
B    subunit of a single PP2A enzyme [Xu et al., 2009]. Mu-
tation to alanine of 3 surface residues of budding yeast 
Sgo1 predicted to contact PP2A (  sgo1-3A )  completely 
abolishes the localisation of PP2A-B     to the centromeres 
of meiotic cells, without affecting the centromeric locali-
sation of Sgo1 itself [Xu et al., 2009]. The Sgo1-3A protein, 
although present at centromeres, fails to protect Rec8 at 
the centromere during meiosis I, thus providing strong 
evidence that the sole role of shugoshin in protecting cen-
tromeric Rec8 in meiosis is to recruit the phosphatase 
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also abolished its ability to recruit PP2A and prevent Rec8 
removal from chromosomes when overexpressed in oo-
cytes [Xu et al., 2009].
    It is clear that shugoshin is required for the recruit-
ment of PP2A-B    to meiotic centromeres to protect Rec8, 
but what is the mechanism of PP2A-B     action in this re-
gion? An early observation that the tethering of PP2A-B    
to chromosome arms in fission yeast not only prevents 
Rec8 removal from these regions, but also prevents Rec8 
phosphorylation [Riedel et al., 2006], hinted that PP2A-
B     might protect centromeric Rec8 by counteracting
its phosphorylation. Indeed, initial phosphorylation site 
mapping of budding yeast Rec8 found that Rec8 phos-
phorylation at multiple sites is required for its efficient 
cleavage in meiosis I [Brar et al., 2006]. However, a caveat 
was that when 17 identified and predicted phosphoryla-
tion sites were mutated to prevent Rec8 phosphorylation 
( rec8-17A ), the observed delay in Rec8 cleavage in meiosis 
I was alleviated by depletion of Sgo1 [Brar et al., 2006]. 
This suggested that either Sgo1-PP2A does not protect 
Rec8 solely by counteracting its phosphorylation, or that 
there are additional sites in Rec8 that must be phosphor-
ylated for it to be cleaved. A recent re-examination of 
Rec8 phosphorylation sites identified additional serines 
and threonines within Rec8 that are phosphorylated in 
meiosis I [Katis et al., 2010]. When these additional sites, 
together with those previously identified [Brar et al., 
2006], are mutated to generate an allele with 24 sites mu-
tated ( rec8-24A ), a complete block to Rec8 cleavage is ob-
served, which is not alleviated by depletion of Sgo1 [Katis 
et al., 2010]. Rec8-24A is also resistant to cleavage by sep-
arase in vitro and, crucially, mutating 14 of these sites to 
aspartic acid ( rec8-14D ) to mimic constitutive phosphor-
ylation results in the premature loss of centromeric Rec8 
in meiosis I, even though Sgo1 and PP2A-B     are present 
at the centromere [Katis et al., 2010]. Altogether this work 
now provides compelling evidence that the shugoshin-
PP2A complex protects centromeric Rec8 from separase 
by counteracting Rec8 phosphorylation, thereby making 
it a poor substrate for cleavage.
    Multiple Kinases Promote Cohesin Cleavage 
  Which kinases phosphorylate Rec8 to promote its 
cleavage and are counteracted at the pericentromere by 
PP2A-B   ? Three kinases, namely polo, casein kinase 1  /   
(CK1) and the Dbf4-dependent Cdc7 kinase (DDK), have 
been implicated in this process. Budding yeast cells de-
pleted of the polo-like kinase, Cdc5, show reduced Rec8 
phosphorylation and are delayed in cleaving Rec8 in mei-
osis I [Clyne et al., 2003; Lee and Amon, 2003]. In addi-
tion, 11 Cdc5-dependent phosphorylation sites, and 4 
further predicted Cdc5 consensus sites are among those 
substituted in Rec8-17A, the cleavage of which is delayed 
in meiosis I [Brar et al., 2006]. Furthermore, a phospho-
specific antibody raised to one of the Cdc5-dependent 
sites recognises Rec8 on chromosome arms, but not the 
centromeric Rec8 that is retained beyond meiosis I, sug-
gesting a possible role for Cdc5 in promoting Rec8 cleav-
age [Brar et al., 2006]. Consistently, recombinant human 
polo-like kinase PLK1 also promotes Rec8 cleavage by 
separase in vitro [Kudo et al., 2009]. However, despite 
abundant evidence that polo-kinase phosphorylates 
Rec8, several observations indicated that Rec8 phosphor-
ylation by polo kinase might not be essential for its cleav-
age. First, Rec8 cleavage is not prevented in Cdc5-deplet-
ed cells that lack Sgo1 [Brar et al., 2006]. Second, under 
certain mutant conditions, Rec8 is cleaved in prophase, 
even though Cdc5 is absent at this stage of meiosis [Oel-
schlaegel et al., 2005; Penkner et al., 2005]. Third, Cdc5 
depletion retards the degradation of securin [Clyne et al., 
2003; Lee and Amon, 2003], a separase inhibitor, and this 
may account for the delay in Rec8 cleavage [Katis et al., 
2010].
    In fact, 2 further kinases, CK1 and DDK, associate 
with Rec8 from prophase onwards, and promote its cleav-
age in budding yeast [Katis et al., 2010]. The combined 
inactivation of CK1 and DDK caused a reduction in Rec8 
phosphorylation and a block to Rec8 cleavage similar to 
a non-phosphorylatable Rec8 mutant [Katis et al., 2010]. 
Conversely, the phospho-mimetic substituted Rec8 
(Rec8-14D) partially restored Rec8 cleavage in cells where 
both CK1 and DDK were inactivated, indicating that 
these kinases enhance Rec8 cleavage by promoting its 
phosphorylation [Katis et al., 2010]. Importantly, deple-
tion of Sgo1 does not allow Rec8 cleavage in the absence 
of CK1 and DDK, implying that Sgo1-PP2A-B     acts to 
counteract these kinases [ Katis et al., 20 1 0 ]. Similarly , 
CK1 was identified in a fission yeast screen for factors 
that promote Rec8 cleavage [Ishiguro et al., 2010]. Muta-
tion of the putative CK1 phosphorylation sites on Rec8 
causes a severe defect in its cleavage, although inactiva-
tion of CK1 results in only a modest delay to Rec8 cleav-
age during fission yeast meiosis [Ishiguro et al., 2010]. 
This suggests that an additional kinase(s) may act redun-
dantly with CK1 to promote Rec8 cleavage. This is un-
likely to be polo, since depletion of the fission yeast polo-
like kinase Plo1 does not affect Rec8 phosphorylation or 
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phorylated by Plo1 in vitro [Ishiguro et al., 2010]. How-
ever, intriguingly, the fission yeast Cdc7-related kinase, 
Hsk1, is required for efficient meiosis I nuclear division 
[Ogino et al., 2006] which could be consistent with a pos-
sible role for DDK in Rec8 cleavage, as in budding yeast.
    The shugoshin-PP2A complex could protect centro-
meric Rec8 by inhibiting the kinases responsible for Rec8 
phosphorylation, or by dephosphorylating Rec8 itself.
In support of the latter possibility, immunoprecipitated 
PP2A-B     from fission yeast can efficiently dephosphory-
late a Rec8 fragment that was previously phosphorylated 
by CK1 in vitro [Ishiguro et al., 2010]. CK1 also localises 
to pericentromeric chromatin in fission yeast meiotic 
cells, the region where Rec8 is enriched and protected by 
Sgo1 and, significantly, artificial tethering of excess CK1 
to the pericentromere causes premature loss of centro-
meric Rec8 despite the presence of Sgo1 and PP2A-B    
[Ishiguro et al., 2010]. Taken together, these results are 
consistent with a model whereby shugoshin-PP2A com-
plexes protect Rec8 by removing the phosphate groups 
added by CK1 (and potentially DDK) that are essential for 
Rec8 cleavage (  fig. 2  ).
    Additional Functions of Shugoshin 
  In addition to regulating the stepwise loss of cohesion 
during meiosis, shugoshin proteins have other functions 
that regulate chromosome segregation. In budding yeast 
and   Drosophila  , these multiple functions are carried out 
by a single shugoshin protein (Sgo1 and MEI-S332, re-
spectively), whereas in most other eukaryotes, these 
functions are shared between 2 distinct shugoshin pro-
teins referred to as Sgo1 and Sgo2. During vertebrate mi-
tosis, Sgo1 is required to protect centromere cohesion, but 
in this case by counteracting cohesin dissociation that oc-
curs during prophase rather than cohesin cleavage by 
separase as in meiosis [Salic et al., 2004; Tang et al., 2004; 
Kitajima et al., 2005; McGuinness et al., 2005]. This func-
tion of shugoshin may also depend on the recruitment of 
PP2A-B     to centromeres to dephosphorylate cohesin, al-
though in this case the SA2 cohesin subunit appears to be 
the relevant target [Hauf et al., 2005; McGuinness et al., 
2005; Kitajima et al., 2006; Tang et al., 2006]. Budding 
yeast Sgo1 and human and fission yeast Sgo2 are also re-
quired during mitosis, where they function to ensure ten-
sion-generating bi-orientation of sister chromatids in 
metaphase [Indjeian et al., 2005; Huang et al., 2007; Ka-
washima et al., 2007; Vanoosthuyse et al., 2007]; however, 
their mechanisms of action appear to be quite distinct. 
Fission yeast Sgo2 is required for the full localisation of 
the chromosomal passenger complex (CPC) at centro-
meres [Kawashima et al., 2007; Vanoosthuyse et al., 2007], 
which play an essential role in the bi-orientation process 
[Ruchaud et al., 2007]. Human and mouse Sgo2 on the 
other hand localise both PP2A [Kitajima et al., 2006; Tan-
no et al., 2010] and mitotic centromere-associated kinesin 
(MCAK) [Huang et al., 2007; Llano et al., 2008] to the 
centromere, where the latter might be required to depo-
lymerise incorrectly oriented kinetochore microtubules. 
CK1 + DDK
S phase Prophase I Metaphase I Anaphase I
Rec8 (cohesin)
Shugoshin-PP2A Separase
  Fig. 2.  A model for centromeric cohesion protection by shugoshin 
in meiosis I. During prophase I, multiple kinases phosphorylate 
Rec8 along the length of the chromosomes. Shugoshin recruits 
PP2A to centromeres where it locally dephosphorylates Rec8, ren-
dering centromeric Rec8 resistant to separase. In anaphase I, only 
the phosphorylated Rec8 is cleaved by separase, leading to ho-
mologous chromosome segregation. Centromeric Rec8 is re-
tained to facilitate meiosis II chromosome segregation (adapted 
from Katis et al. [2010] and Ishiguro et al. [2010]).   Shugoshin in Meiosis  Cytogenet Genome Res 2011;133:234–242 239
Finally, the mitotic role of budding yeast Sgo1 appears to 
require an alternative subset of PP2A containing the B 
regulatory subunit (PP2A-B) to prevent premature sepa-
rase activation when sister chromatids are not under ten-
sion [Clift et al., 2009]. Shugoshin proteins also play an 
additional role in meiotic chromosome segregation that 
is independent of Rec8 protection. Fission yeast  sgo2   mu-
tants and budding yeast   SGO1   mutants have a modest 
increase in homologous chromosome missegregation 
during meiosis I [Katis et al., 2004; Kitajima et al., 2004; 
Marston et al., 2004; Rabitsch et al., 2004 ] . In fission 
yeast, this defect is likely explained by a reduction in CPC 
proteins at the centromere [Kawashima et al., 2007]; how-
ever, there are conflicting reports as to whether CPC lo-
calisation depends on Sgo1 in budding yeast meiosis [Yu 
and Koshland, 2007; Kiburz et al., 2008].
    Positive Regulation of Shugoshin 
  How is shugoshin regulated? In budding and fission 
yeast, the spindle checkpoint component Bub1 is required 
for the protection of centromeric cohesion at meiosis I 
[Bernard et al., 2001; Riedel et al., 2006]. Because the cen-
tromeric localisation of Sgo1 is abolished in yeast meiotic 
cells lacking Bub1 [Kitajima et al., 2004; Kiburz et al., 
2005; Riedel et al., 2006], it is likely that the meiotic cohe-
sion defect of  bub1  mutants is due to the loss of Sgo1 from 
the centromere. Human Sgo1 and Sgo2, and mouse Sgo1 
also depend on Bub1 for centromere localisation [Tang et 
al., 2004; Kitajima et al., 2005; Huang et al., 2007; Perera 
and Taylor, 2010], indicating that the dependency of
shugoshin on Bub1 is highly conserved.   Bub1   knockout 
mouse oocytes, however, show only a partial centromere 
cohesion defect, suggesting that there might also exist 
Bub1-independent mechanisms for centromere protec-
tion in this organism [McGuinness et al., 2009]. The role 
of Bub1 in localising shugoshin appears to be separate 
from its role as a spindle checkpoint component, as inac-
tivation of the Bub1 kinase domain does not affect the 
spindle checkpoint response to lack of attachment, yet 
centromeric shugoshin is lost [Fernius and Hardwick, 
2007; Kawashima et al., 2010; Perera and Taylor, 2010]. 
Accordingly, budding and fission yeast Bub1 kinase mu-
tants show mitotic and meiotic defects identical to shu-
goshin mutants [Fernius and Hardwick, 2007; Kawashi-
ma et al., 2010]. Bub1 was recently shown to phosphory-
late a conserved serine residue at position 121 of histone 
H2A, which is essential for the centromeric localisation 
and function of Sgo1 and Sgo2 in fission yeast mitosis
and meiosis [Kawashima et al., 2010]. Furthermore, Bub1 
phosphorylation of H2A is crucial for the centromeric 
localisation of Sgo1 in budding yeast and human cells, 
demonstrating that Bub1 controls shugoshin function by 
a highly conserved mechanism [Kawashima et al., 2010].
    Several other factors are also involved in promoting 
shugoshin localisation and function at the centromere. In 
fission yeast,   Drosophila   and human cells, shugoshin/
MEI-S332 fails to accumulate at centromeres when com-
ponents of the chromosomal passenger complex (CPC) 
are inactivated [Resnick et al., 2006; Huang et al., 2007; 
Kawashima et al., 2007; Vanoosthuyse et al., 2007; Tsuka-
hara et al., 2010]. However, depletion of Ipl1 (a CPC com-
ponent) causes only a mild defect in Sgo1 localisation in 
budding yeast [Monje-Casas et al., 2007; Yu and Kosh-
land, 2007]. The ability of human and mouse Sgo2 to re-
cruit PP2A and MCAK to centromeres is also dependent 
on phosphorylation of Sgo2 by aurora B [Tanno et al., 
2010]. In addition, the localisation of fission yeast Sgo1 to 
pericentromeric heterochromatin in meiosis is depen-
dent on a direct interaction with the heterochromatin 
protein HP1 (called Swi6 in fission yeast) [Yamagishi et 
al., 2008]. Human Sgo1 also depends on HP1 to localise 
to the centromere, suggesting a conserved role for hetero-
chromatin in shugoshin recruitment [Yamagishi et al., 
2008]. Although budding yeast cells lack pericentromeric 
heterochromatin, the recruitment of Sgo1 to the pericen-
tromere in budding yeast meiosis appears to be at least 
partially dependent on 2 kinetochore proteins (Iml3 and 
Chl4), a meiosis-specific factor Spo13 and on the cohesin 
Rec8 itself [Kiburz et al., 2005]. The pericentromeric re-
cruitment of Sgo1 might also involve an interaction with 
histone H3, at least in mitotic cells [Luo et al., 2010]. How 
all these factors cooperate with Bub1 to ensure proper 
shugoshin localisation and function is not known. How-
ever, in fission yeast, H2A-S121 phosphorylation and 
HP1 appear to act independently [Kawashima et al., 
2010]. Furthermore, in mouse embryonic fibroblasts 
(MEFs), the mechanism of shugoshin localisation chang-
es depending on the cell cycle stage: whereas HP1 is re-
quired for Sgo1 localisation to heterochromatin during 
G2, Bub 1 kinase activity recruits Sgo 1 to centromeres 
only during prophase [Perera and Taylor, 2010].
  Inactivation  of  Shugoshin 
  In order for sister chromatids to separate in meiosis II 
and in mitosis, the protection of centromere cohesion by 
shugoshin must be turned off. In fission yeast meiosis,  Clift/Marston  Cytogenet Genome Res 2011;133:234–242 240
Sgo1 is lost from centromeres in anaphase I due to its ana-
phase promoting complex (APC)-dependent degradation 
[Kitajima et al., 2004]. However, budding yeast and   Dro-
sophila   shugoshin/MEI-S332 is present at centromeres in 
meiosis II and does not leave this region until the onset 
of anaphase II [Kerrebrock et al., 1995; Katis et al., 2004; 
Marston et al., 2004]. In mitotic cells of most organisms 
studied, Sgo1 is degraded in anaphase, likely due to ubiq-
uitination by the APC [Salic et al., 2004; Karamysheva et 
a l . ,  2 0 0 9 ] .  I n  c o n t r a s t ,  t h e  d i s s o c i a t i o n  o f    Drosophila  
MEI-S332 from centromeres in meiosis II and anaphase 
of mitosis does not involve the APC, but instead requires 
phosphorylation of MEI-S332 by polo-kinase [Clarke et 
al., 2005]. Nevertheless, despite the active degradation of 
shugoshin and/or dissociation of shugoshin from centro-
meres in various organisms, several lines of evidence sug-
gest that these mechanisms are not the trigger for shu-
goshin inactivation. First, the ectopic expression and cen-
tromeric localisation of fission yeast Sgo1 in meiosis II 
does not block the separation of sister chromatids 
[Rabitsch et al., 2004; Gregan et al., 2008]. Second, pre-
venting MEI-S332 dissociation from centromeres does 
not prevent sister chromatid separation in   Drosophila  
meiosis II and mitosis [Clarke et al., 2005]. Third, expres-
sion of a non-degradable Sgo1 does not interfere with sis-
ter chromatid separation or mitotic progression in hu-
man cells [Karamysheva et al., 2009].
    It has been proposed that tension between sister chro-
matids is required to inactivate shugoshin in meiosis II 
and mitosis [Gomez et al., 2007; Lee et al., 2008]. In mouse 
oocytes, Sgo2 co-localises with Rec8 at the inner centro-
mere in metaphase I, when centromeric Rec8 is protected 
by Sgo2 [Lee et al., 2008]. In metaphase II, however, when 
sister chromatids become bi-oriented and under tension, 
Sgo2 relocates toward the kinetochores away from Rec8, 
which remains at the inner centromere [Lee et al., 2008]. 
A similar tension-dependent re-distribution of Sgo2 oc-
curs in mouse spermatocytes in metaphase II [Gomez et 
al., 2007]. As Rec8 is no longer protected in meiosis II, 
these observations suggest that shugoshin relocation 
away from Rec8 upon tension might contribute to the de-
protection of Rec8. In support of this view, fission yeast 
mutants that bi-orient sister chromatids in meiosis I pre-
maturely lose centromeric cohesion [Vaur et al., 2005]. 
On the contrary, however, sister chromatids that bi-orient 
during meiosis I in budding yeast monopolin mutants 
retain centromere cohesion until meiosis II in an Sgo1-
dependent manner [Petronczki et al., 2006]. Budding 
yeast might employ a different mechanism to inactivate 
shugoshin, although it is possible that the forced bi-ori-
entation of sister chromatids in meiosis I might not re-
flect the proper tension-generating bi-orientation that 
would normally occur in meiosis II.
    In human cells undergoing mitosis, both Sgo1 and 
Sgo2 also relocate from centromeres towards the kineto-
chores upon sister chromatid bi-orientation [Lee et al., 
2008]. When these cells are arrested in metaphase by in-
hibition of the proteosome, tension-dependent shugoshin 
relocation towards kinetochores is accompanied by the 
loss of centromere cohesion, presumably because the pro-
phase pathway is able to promote the dissociation of the 
now exposed centromeric cohesin [Lee et al., 2008]. This 
implies that tension between sister chromatids is suffi-
cient to inactivate the protective function of shugoshin. 
Crucially, there is also evidence to suggest that tension 
between kinetochores is necessary for the inactivation of 
shugoshin. Human cells treated with the microtubule de-
polymerising drug nocodazole arrest in metaphase due 
to spindle checkpoint activation. Inhibition of the spindle 
checkpoint in these nocodazole-treated cells allows entry 
into anaphase without microtubules and therefore with-
out tension between sister chromatids [Lee et al., 2008]. 
Remarkably, in such a ‘tension-less’ anaphase, both shu-
goshin and cohesin are retained at the centromere and 
co-localise with each other, indicating that tension-de-
pendent re-distribution of shugoshin away from cohesin 
is necessary to inactivate shugoshin function [Lee et al., 
2008]. At the molecular level, tension between sister ki-
netochores might also lead to the disassembly of the shu-
goshin-PP2A complex, perhaps by disrupting the shu-
goshin coiled-coil dimer that is required for PP2A bind-
ing [Xu et al., 2009].
  Conclusions 
  The precise control of chromosome segregation dur-
ing meiosis is of vital importance for sexually reproduc-
ing organisms. Key to this process is the shugoshin pro-
tein, which, from yeast to mammals, ensures the stepwise 
removal of sister chromatid cohesion during meiosis that 
is necessary for accurate reductional chromosome segre-
gation. Since its discovery, much progress has been made 
into elucidating the mechanism by which shugoshin pro-
tects centromere cohesion. It is now apparent that the ma-
jor, if not only, role of shugoshin in cohesion protection 
during meiosis is to recruit a phosphatase, PP2A, to cen-
tromeres. Here PP2A protects centromeric cohesin from 
separase by removing the phosphate groups on Rec8 pro-
duced by multiple kinases that are essential for Rec8   Shugoshin in Meiosis  Cytogenet Genome Res 2011;133:234–242 241
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